The effects of hydrogen ion concentrations on the carbon-13 nuclear magnetic resonance spectra of oxytocin were investigated. The starting pD of 3.0 was increased stepwise to 8.4. A change of the state of protonation of the N-terminal amino group of oxytocin is accompanied by changes in chemical shifts of carbon-13 nuclei of amino-acid residues located in the 20-membered ring of the hormone. The resonance positions of the acyclic peptide portion, Pro-Leu-Gly-NH2, remain constant. The pD-induced chemical-shift changes of carbons up to five bonds removed from the site of protonation are interpreted in terms of "through-bond" and "through-space" mechanisms. Chemical-shift changes of carbons more than five bonds removed are proposed to have a conformational origin. It is suggested that a change in the charge density of the amino group perturbs the dihedral angle of the -CH2--S-S-CH---moiety of oxytocin, which in turn significantly affects the overall conformation of the 20-membered ring of the hormone.
In the course of our studies of the neurohypophyseal hormones oxytociD, arginine-vasotocin, and arginine-and lysine-vasopressin by '3C nuclear magnetic resonance (NMR) we became interested in spectral and conformational changes of the hormones induced by alterations of pH. Changes in the state of protonation of the N-terminal amino group are probably responsible for the changes in chemical shifts of residues located in the 20-membered ring moiety of the hormones. Resonances of the '3C spectra of deamino analogs, derivatives of neurohypophyseal hormones that do not possess an Nterminal amino group, are completely independent of hydrogen ion concentration in the pH range 3-8 (1). The resonance positions of carbons constituting the acyclic C-terminal portion of the neurohypophyseal hormones, and their deamino analogs thus far investigated, remain unaffected between pH 3 and 8. These observations led to the present study concerning the nature of pH-induced shifts of 13C resonances in linear and cyclic peptides. We were interested in exploring whether there are detectable qualitative or quantitative differences between the pH-induced changes in cyclic peptides and linear peptides, and to what degree these changcs are the result of "through- 
RESULTS
The '3C spectrum of oxytocin was followed as a function of hydrogen ion concentration (Fig. 1) . The starting pD of 3 to the residue(s) undergoing a change in the state of protonation. Generally, as with amino acids (5), addition of a proton to the amino or carboxylate group of a peptide results in an upfield shift of 13C resonances of the N-terminal and Cterminal residues, respectively, However, protonation of a carboxylate appears to elicit resonance changes that are qualitatively different from those resulting upon protonation of an amino moiety. First, the shifts are smaller when a proton is added to a catboxyl than when one is added to an amino group. Second, upon protonation of the C-terminal carboxylate one observes a monotonic diminution of upfield shifts as a function of distance from the reaction center, while protonation of the N-terminal amino group yields larger upfield shifts (6) found that neutralization of the carboxylate of the C-terminal residue of zwitterionic peptides causes upfield shifts of its carboxyl carbon (3.0 ppm), its C. (2.5 ppm), its Ca (1.2 ppm), and its C., (0.3 ppm). Protonation of the amino group in the peptide zwitterions causes upfield shifts in the N-terminal amino-acid residue; the a carbon directly bound to the protonated amino group is affected less than the C,6 or carbonyl carbon.
Gurd et al. (7) have studied the amino-terminal sequence of sperm whale myoglobin, Val-Leu-Ser-Glu-Gly, as well as its partial sequences Leu-Ser-Glu and Ser-Glu-Gly. The influence of the state of ionization of various groups on neighboring carbons was investigated. Again, the largest ichemicalshift changes were seen with the N-terminal residue upon protonation of its a-amino group; for example its carbonyl carbon shows an 8-ppm upfield shift. A substantial effect was also observed on the Cow (2-4 ppm) of this residue, with a lesser effect on the Ca (1-2 ppm) . Upon neutralization of the carboxylate ion of the C-terminal Gly residue, the carbonyl carbon and the Ca experience an upfield shift of 3-4 and 2-2. Effects analogous to those seen upon protonation of the Nterminal amino groups and C-terminal carboxylate ions are also observed with side chain moieties, such as the y-carboxylate ion of glutamic-acid residues (7, 9) and the t3-carboxylate ion of aspartic acid residues (e.g., with Asp-Phe-NH2 the y-CO shifted upfield by 3.6 ppm, the C,B by 2.2 ppm, By introduction of an electric field effect "through-space" in addition to the above inductive "through-bond" effect, it is possible to account for the shift behavior of the Ca upon protonation of the N-terminal amino group (5, 13) . It has been proposed that (i) "transmission of electronic charge from the hydrogens of the amino acid to the incoming proton occurs through the carbon-nitrogen skeleton; (ii) the electronic charge density at the carbons remains essentially constant (rearrangements of electrons in different orbitals can occur, but the overall carbon charge densities remain constant)" (13): Christl and Roberts (6) , in an attempt to explain the differences in magnitude of chemical-shift changes on Ca, Ce, and carbonyl carbon of the N-terminal residue upon protonation, attributed the larger upfield shift of the carbonyl carbon to its sp2 hybridization. The greater effect of protonation on C, as compared to Car may be explained by competition between electrostatic effects associated with the charge the change in electronegativity of the nitrogen atom (downfield shifts). Inductive effects were thought to produce major effects only on the carbons to which substituents were directly attached. The electrostatic effect could affect the more remote carbons to a greater extent than the inductive effect and the ( carbons would move upfield to a greater degree than the a carbons. Recently, Morishima et al. (14) investigated the observed shifts of alternating magnitude along the a skeleton of the carbon chain beyond the C,. They also focused on the stereospecificity of the a-inductive effect with semiempirical molecular orbital calculations of electron charge densities on model systems. Morishima et al. found that the '3C shifts induced by protonation depend on the orientation of the nitrogen lone-pair electrons and on the dihedral angle 0 between the C7-C#-Ca, and Ca-Ca-X planes, where X is the amino group. The attenuation and alternation of charge density in the a-carbon chain was correlated with the small increment of electron density on the a carbon and with opposite trends in charge density changes on f3 and y carbons. Thus, a theoretical basis-is emerging to account for the alternation and diminution of pH-induced '3C chemical-shift changes with the number of bonds from the titration center; there is also a growing understanding of the stereochemical dependence of these changes.
The experimental and theoretical investigations described above provide explanations for long-range effects of N-protonation on 'IC chemical shifts by means of "through-bond" and "through-space" mechanisms. However Fig. 2 . The change in chemical shift observed for the C, of Ile, which can be followed precisely, is larger than expected for a carbon seven bonds removed from the amino group; resonances of other carbons, distant from the amino group but located in the 20-membered ring, also show significant chemical-shift changes. This finding is especially striking when compared with the invariant chemical shifts of the Ca resonances in pentaglycine, except those of the terminal residues (vide supra). The abnormal pH-induced shifts of distant carbon atoms in oxytocin strongly suggest that, while the "through-space" effects may contribute, conformational changes of the cyclic moiety are responsible for the long-range effects of N-protonation. In this light we offer the following hypothesis: the change in charge density of the amino group perturbs the dihedral angle of the -CH2-S-S-CH2-moiety, which in turn affects to a detectable degree the overall conformational integrity of oxytocin, including the (3-turn, composed of the sequence -Tyr-Ile-Gln-Asn , in which the loop is closed by a hydrogen bond between the peptide NH of Asn and the carbonyl oxygen of the Tyr residue (15) . This interpretation is in accord with an earlier effort to correlate the biological activities of oxytocin and its synthetic analogs with the conformation of the parent hormone (16) . Moreover, we have preliminary '3C NMR data which reveal that certain synthetic modifications of the hormone structure bring about effects that resemble closely the conforchange (upfield shifts) and inductive effects associated with Proc. Nat. Acad. Sci. USA 71 (1974) mational effects observed upon alterations of the protonation state of the amino group in oxytocin. Conformational alterations as a result of changes in the solvent composition have been encountered with oxytocin; depending on the nature of the solvent transition, these changes either stabilized or destabilized the proposed a-turn in the 20-membered ring of the hormone (17, 18) .
